Hydroelectric dams have induced widespread loss, fragmentation and degradation of terrestrial habitats in lowland tropical forests. Yet their ecological impacts have been widely neglected, particularly in developing countries, which are currently earmarked for exponential hydropower development. Here we assess small mammal assemblage responses to Amazonian forest habitat insularization induced by the 28-year-old Balbina Hydroelectric Dam. We sampled small mammals on 25 forest islands (0.83-1466 ha) and four continuous forest sites in the mainland to assess the overall community structure and species-specific responses to forest insularization. We classified all species according to their degree of forest-dependency using a multi-scale approach, considering landscape, patch and local habitat characteristics. Based on 65,520 trap-nights, we recorded 884 individuals of at least 22 small mammal species. Species richness was best predicted by island area and isolation, with small islands (< 15 ha) harbouring an impoverished nested subset of species (mean ± SD: 2.6 ± 1.3 species), whereas large islands (> 200 ha; 10.8 ± 1.3 species) and continuous forest sites (∞ ha; 12.5 ± 2.5 species) exhibited similarly high species richness. Forest-dependent species showed higher local extinction rates and were often either absent or persisted at low abundances on small islands, where non-forest-dependent species became hyper-abundant. Species capacity to use non-forest habitat matrices appears to dictate small mammal success in small isolated islands. We suggest that ecosystem functioning may be highly disrupted on small islands, which account for 62.7% of all 3546 islands in the Balbina Reservoir.
Introduction
Hydroelectric dams have become major drivers of habitat loss, fragmentation and degradation worldwide (Lees et al. 2016; Jones et al. 2016) . Still, their ecological and social impacts have been widely neglected, particularly in hyperdiverse tropical developing countries (Castello et al. 2013; Lees et al. 2016) , which are currently the primary targets for hydropower development (Zarfl et al. 2015) . By flooding low-elevation areas, river damming often converts previous ridgetops into land-bridge islands, creating a complex insular landscape within hydroelectric reservoirs. A total of 145 dams in operation or under construction have flooded or will flood ~ 1.5 Mha of pristine forests in the Amazon basin alone, and current government plans include the construction of 263 additional dams (ECOA-Ecologia em Ação 2016).
Biological communities isolated on land-bridge islands are likely to be affected by several multi-scale driversincluding landscape, patch and habitat quality features of Communicated by Christopher Whelan.
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any given site-which may be more evident in habitat fragments than in true islands (Arroyo-Rodríguez et al. 2013) . At the landscape scale, the degree of isolation from other islands and the mainland affects species colonization rates (MacArthur and Wilson 1967; Watling and Donnelly 2006) . At the patch level, the remaining habitat area affects both population sizes and (micro)habitat diversity (Hutchinson 1957; MacArthur and Wilson 1967) , and the severity of edge effects that can penetrate deeply into small islands (Benchimol and Peres 2015a). Edge effects are further linked to local habitat quality, which determines the spectrum of ecological niches available and, consequently, local species diversity (August 1983) .
Species persisting in insular habitat patches are further prone to be affected by intrinsic eco-morphological traits (Cosson et al. 1999; Lynam and Billick 1999) . In addition to dispersal ability, traits associated with success in disturbed habitat remnants play important roles in structuring animal communities isolated within land-bridge islands (Lynam and Billick 1999) . Thus, classifying species according to their ecological traits can help us to understand how spatial and habitat characteristics affect species persistence (Ewers and Didham 2006; Santos-Filho et al. 2016) , and how species composition changes across disturbance gradients (Pardini et al. 2009 ). Forest-dependent species unable to transverse unsuitable habitat between forest patches are, therefore, considered more extinction-prone in fragmented landscapes (Henle et al. 2004) , whereas more structurally complex islands are expected to boost the persistence of forest-specialist species (Devictor et al. 2008 ). This pattern of selective extinctions may further result in a nested structure along the gradient of fragmentation, with species persisting at progressively smaller islands comprising subsets of assemblages retained at larger sites (Wright et al. 1998) .
In the Neotropics, small non-volant mammals (marsupials and rodents) occupy a central position in forest food webs, acting either as seed predators and dispersers (Mangan and Adler 2000; Terborgh et al. 2001) , pollinators (Vieira et al. 1991) , arthropod predators (Carvalho et al. 2005) , and as a resource for higher trophic levels (Wright et al. 1994) . Although detailed ecological information on most species is scant, small mammals play critical roles in ecosystem functioning including forest regeneration (Terborgh et al. 2001; Galetti et al. 2015) . Several studies have assessed the effects of habitat fragmentation on small mammals, including tropical reservoir islands (Adler and Seamon 1996; Granjon et al. 2002; Lambert et al. 2003; Wang et al. 2010a; Gibson et al. 2013) . Indeed, islands isolated in the aftermath of hydroelectric dams offer several advantages over non-insular forest patches abutting a terrestrial matrix, including the equitability of isolation time, an equally hostile uniform open-water matrix, and convergent histories of anthropogenic disturbance (Diamond 2001; Wu et al. 2004; Benchimol and Peres 2015a) . Studies in hydroelectric reservoirs can, therefore, rule out confounding effects of matrix types, enabling assessments of fragmentation effects per se (Cosson et al. 1999) . Nevertheless, no small mammal study to date has been carried out in hyper-diverse Amazonian reservoirs, where currently ambitious governmental plans are expected to greatly expand hydropower infrastructure (Lees et al. 2016) . Understanding how biodiversity is affected by hydropower projects is then of critical importance for management actions in lowland Amazonia.
Here, we assess small mammal assemblage responses to habitat insularization induced by a major hydroelectric dam in Central Amazonia 28 years after isolation. The Balbina Hydroelectric Dam created a reservoir of 443,772-hectares (FUNCATE/INPE/ANEEL 2000), comprising 3546 forest variable-sized islands. We conducted quantitative surveys on 25 forest islands and four widely separated mainland sites in neighbouring continuous forests to determine the main predictors of small mammal persistence within forest islands, and investigate whether small mammal assemblages exhibited a nested structure along the gradient of habitat insularization. We used a multi-scale approach, initially considering potential area effects, and the combined effects of patch, landscape and habitat-quality metrics. We further classified each species in terms of their degree of forest-dependency to investigate the influence of this ecological trait in explaining patterns of local species extinction across islands, also testing for potential nestedness structure. We hypothesized that small mammal assemblages on smaller and more isolated islands that had been more degraded were represented by a simplified subset of mainly non-forest-dependent species. Conversely, nearly complete assemblages comprised of both forest and non-forest-dependent species are expected to persist on larger, less isolated islands containing high-quality forest habitat. In particular, non-forest-dependent species are expected to present a lower degree of nestedness than forestdependent species.
Methods

Study area
This study was carried out in the archipelagic landscape of the Balbina Hydroelectric Reservoir and its immediate surroundings, in Central Brazilian Amazonia (1°48′S, 59°29′W; Fig. 1 ). The Balbina dam was built in 1986 on the Uatumã River, a left-bank tributary of the Amazon River. Given the typically flat topography of the area, this dam flooded a vast area of 312,900 ha of primary forest, within the 443,772-ha hydroelectric reservoir (FUNCATE/INPE/ANEEL 2000) . In the aftermath of damming, the former hilltops of the pre-inundation forest area remained above-water as 3546 land-bridge islands widely distributed across the reservoir lake. Many dead relics of emergent trees are still standing within the open-water matrix, as the submerged primary forest had not been clear-cut. Most islands consist of dense closed-canopy terra-firme forest, but many small islands were strongly affected by edge-related windfalls and ephemeral wildfires, which occurred during a late-1997 to early-1998 El Niño drought (Benchimol and Peres 2015a) . The area within and around the former left bank of the Uatumã river has been legally protected since 1990 by the 942,786-ha Uatumã Biological Reserve, the largest reserve in its category in Brazil. This contributes to low levels of postdamming human disturbance across the reservoir. The mean annual temperature in this region is 28 °C and the mean annual rainfall is 2376 mm (IBAMA 1997) . Small mammal communities were sampled on 25 islands and four continuous forest sites (hereafter, CF; Fig. 1 ). Islands were selected according to their size, degree of isolation and spatial distribution, resulting in a wide range of island configurations. Surveyed islands ranged in area from 0.55 to 14,660 ha (mean ± SD: 199 ± 344 ha; Table S1), and isolation distances from each focal island to the nearest mainland continuous forest ranged from 44 to 11,872 m (4351 ± 3386 m).
Small mammal sampling
Small mammals were sampled using transects during sessions of 16 consecutive nights over two field seasons, from April to November 2014 and April to November 2015. Each transect consisted of a set of nine stations of live traps (hereafter, LTs), followed by an array of three pitfall units. Each LT station was placed 20-m apart from others and included two Sherman traps (23 × 9 × 8 cm, H. B. Sherman Traps, Inc., Tallahassee, Florida) and one wire mesh trap (30 × 17.5 × 15 cm, Metal Miranda, Curitiba, Paraná). At each LT station, one trap was set on the ground, one in the understory (~ 1.5 m high), and one in the (sub)canopy (> 10 m high). Traps of different types were placed alternatively on the ground and in the understory across consecutive stations, but only Sherman traps were placed in the canopy due to logistic limitations. The forest canopy stratum was sampled using an adaptation of the method described by Lambert et al. (2006) . LTs were baited with a mix of bananas, peanut powder, sardines and oatmeal. Pitfall traps (100L) were also spaced at 20-m intervals and connected by a plastic drift fence 50-cm high and 10-cm underground, with 10 m of fence extending beyond the two terminal pitfalls.
The number of transects placed at different sites varied according to their area. This allowed us to obtain a higher number of individuals at larger forest sites, where overall trap density, and consequently the probability of an individual passing near a trap, were lower (Table S1 ). Due to spatial restrictions in small islands, alternative smaller transects were established therein. Thus, all islands smaller than 2 ha and those between 2 and 10 ha were sampled by transects containing only three LT stations followed by an array of one pitfall, and by six LT stations followed by an array of two pitfalls, respectively. Larger islands were sampled by as many as four transects, according to their size classes: 10-50, 50-200, 200-500 and > 500 ha, respectively; CF sites were sampled by either six (CF 1 and CF 3 ), 10 (CF 2 ) and 12 transects (CF 4 Table S1 ).
We conducted a total 65,520 trap-nights across 79 transects. All traps were inspected daily and whenever live captures could not be identified in the field, a maximum of five voucher specimens per species per site were collected during the first season, and deposited at the Mammal Collection of the Instituto Nacional de Pesquisas da Amazônia (INPA), in Manaus, Brazil. All other individuals recorded were weighted and tagged (Fish and Small Animal Tag, size 1; National Band and Tag Co., Newport, Kentucky), so that any subsequent recaptures could be distinguished. Additionally, tissue samples were collected from all individuals recorded and deposited at INPA. However, we were not always able to identify at the species-level records of Proechimys spp. (P. cuvieri and P. guyanensis) and Oecomys spp. 1 (O. roberti and O. bicolor) at all sites. Because these congeners are ecologically very similar (Jones et al. 2009 ), we further refer to those taxa as 'ecospecies'. To streamline, we hereafter use 'species' to refer to both species and ecospecies. We followed ASM guidelines (Sikes 2016) , and the study was approved by the appropriate Brazilian institutional animal care and use committee (SISBIO license No. 39, .
Patch, landscape and habitat quality variables
Patch and landscape metrics were calculated using ArcMap 10.1 (ESRI 2012), based on high-resolution multi-spectral RapidEye imagery (5-m resolution with 5-band colour imagery) of the entire study landscape. At the patch scale, we measured island area and shape, and at landscape scale, we obtained for each surveyed island a proximity (Prox) metric to other islands and CF sites, and their nearest distances to CF (Table 1 ; for further details on imagery processing and landscape metrics, see Benchimol and Peres 2015a, b) . We used Generalized Linear Models (GLMs) to analyse the relationship between the species richness in the islands and the proximity index considering in separate models at multiple scales of effects in terms of increasing buffer radius ( Small mammal species responses to habitat fragmentation are closely linked to habitat structure, such as overstory and understory vegetation density (Delciellos et al. 2016) . We thus obtained habitat variables by measuring forest composition and vegetation structure, which further reflect the habitat quality for small mammals. Vegetation variables were obtained from floristic surveys within 0.25-ha (250 m × 10 m) forest plots established on each focal island and CF site, where all trees ≥ 10 cm diameter at breast height (DBH) were measured and identified at species-level. The number of plots surveyed per site varied to the area of each site, ranging from one to four plots (see Table 1 for a description of floristic variables; details in Benchimol and Peres 2015c). Additionally, we conducted a semi-supervised classification to obtain four land cover classes (closed-canopy forest, open-canopy forest, bare ground, and water) using ArcMap 10.1, and obtained the percentage of closed-canopy forest within the island from the RapidEye imagery (Table 1) .
Forest-dependency index
Degree of forest habitat-dependency (FD) was defined as the species-specific ratio between the capture rate in the open habitat matrix and in continuous primary forest. Forest-dependency estimates were based on small mammal data obtained during a 5-year study by Malcolm (1991) at the Biological Dynamics of Forest Fragments Project (BDFFP), a fragmented landscape ~ 100 km from the Balbina reservoir, which shares the same small mammal fauna. Forest and non-forest-dependent species were those for which a FD < 1 and FD > 1, respectively. We obtained the community-averaged FD values by summing the FD values of all individuals recorded at each survey site, and dividing this by the number of individuals therein. Community-averaged FD values ranged between 0.061 and 0.688, higher values corresponding to an increased prevalence of non-forest-dependent species. Species FD were previously transformed to range between 0 (highest forest-dependency) and 1 (lowest forest-dependency). Information on capture rates at the BDFFP landscape within either primary forest or the matrix was unavailable only for the squirrel Guerlinguetus aestuans, which occurs chiefly in primary forests (Patton et al. 2007 ). Based on ecological similarities between closely related taxa (Jones et al. 2009 ), we assigned FD values to congener species for which information was unavailable (Oecomys, Neacomys and Marmosops). Capture rates and FD values are summarized for all species in Table S2 .
Data analysis
We excluded from analysis two Echimyidae-Makalata didelphoides and Echimys chrysurus-that were recorded only once during the study. These species feed on seeds and leaves, in addition to some fruit (Patton et al. 2000) , and consequently are rarely attracted to the bait used here. The adequacy of small mammals sampling was evaluated using the sample coverage estimator (sensu Chao and Jost 2012) , which estimates the proportion of the total number of individuals in an assemblage that belong to the species represented in the sample. Our small mammal trapping was satisfactorily accurate in relation to our sampling effort, averaging 0.92 ± 0.07 per site in the most complete assemblage, except for two small islands ('Xibé' and 'Abu'), in which sample coverage was zero (Table S1 ). Despite the lack of sampling representativeness in those two islands, we still retained them in the analysis because trap density therein was much higher (~ 4.57 traps/ha) than in islands larger than 100 ha (0.08-0.54 traps/ha) and CF sites (~ 0.002 traps/ha; Table S1 ). Nevertheless, to account for any eventual undetected species and avoid any potential bias in species richness values, we estimated a bootstrapped number of species. To do so, we applied a bootstrap method that determines confidence intervals around Hill numbers, facilitating the comparison of multiple assemblages of extrapolated samples (Chao et al. 2014) . For each site, the bootstrapped number of species was obtained from the extrapolation of individualbased Hill numbers assuming twice the number of individuals recorded at that site, using the R codes provided by Chao et al. (2014) . We further verified if the variable number of traps deployed per site caused any bias on observed numbers of species. To do so, we correlated the number of traps deployed per site with sample coverage estimations and the number of individuals recorded. Spatial autocorrelation was examined by correlating matrices of binary species composition and geographic distances among sites, applying a Mantel test using the 'vegan' R package (Oksanen et al. 2007) .
Considering all 25 islands and their bootstrapped species richness, we performed species-area relationships (SARs) comparing eight possible SAR models: power, exponential, negative exponential, Monod, rational function, logistic, Lomolino and cumulative Weibull (for each model formula, see Table S3 ), using the 'mmSAR' R package (Guilhaumon et al. 2010 ). In addition, given the importance in identifying critical thresholds beyond which species responses change abruptly, we also included a piecewise regression model to explain small mammal SARs (Toms and Lesperance 2003) , using the 'segmented' R package (Muggeo 2017 We further estimated the degree of nestedness in small mammal assemblages for each sampling site using NODF, a metric based on overlap and decreasing fill of presence-absence matrix data (Almeida-Neto et al. 2008) . Using this method, probability levels can be assessed using Z scores, i.e. by comparing the observed nestedness value with the mean of a series of values obtained by reshuffling the original matrix to produce a number of random matrices according to a certain null model (Strona et al. 2014 ). These analyses were performed using the 'Nestedness for Dummies' Program (Strona et al. 2014) , considering the 'proportional column and row totals' algorithm to construct 999 simulated random matrices. Interaction matrices of small mammal species and sites ordered by species richness were further obtained using the 'Vegan' R package. Prior to analysis, we added the data from all four mainland continuous forest sites. Nestedness analyses were further repeated separately for each species grouping (i.e. forest-and nonforest-dependent), using the same procedure.
Species composition was also analysed using Principal Coordinate Analysis (PCoA) based on a quantitative Bray-Curtis similarity matrix of species composition. Species abundances were previously standardized for each site due to differences in sampling effort per site. Aggregate biomass (log 10 x) was defined as the sum of the body mass of all individuals recorded at any given site per unit of trapping effort. For that, we considered the body mass of each live capture weighted during the field work.
To evaluate the combined effects of patch, landscape and habitat quality metrics on small mammal assemblages (bootstrapped species richness, species composition, standardized abundance, and aggregate biomass), we performed Generalized Additive Models (GAMs). GAMs do not require a linear relationship between the response and the explanatory variables, and were performed using a Gaussian error structure. We controlled for high levels of variable inter-dependence by performing a Pearson correlation matrix, retaining weakly correlated variables (r < 0.70, P > 0.05). 'Island shape', 'percentage of old-growth trees' and 'fire severity' were correlated, and therefore, excluded from further analysis. We did not include CF sites in this analysis because that additionally overinflated the correlation between 'island area' and 'proximity' (r = 0.86, P < 0.0001), further invalidating the inclusion of one these variables in the model. We also calculated the Variation Inflation Factors (VIFs), any of the remaining variables was moderately redundant, presenting VIF < 5 (Dormann et al. 2013 ). A candidate model set was further constructed, using all additive combinations of the eight explanatory variables retained, and models were ranked based on their AICc, using the 'MuMIn' R package (Barton 2016). To account for model uncertainty in multimodel inference, a model-averaging approach was performed using only the most plausible models (i.e. 0 < ΔAICc > 2, ΔAIC = AIC i − AIC min in which i = ith model). The relative importance (RI) of each variable contained in that model set was obtained by the sum of the Akaike weights of the models in which that variable had been included (Rhodes et al. 2009 ). Explanatory variables were previously standardized (x = 0, σ = 1) to place coefficient estimates into the same scale. The same modelling procedures were repeated considering the number and abundance of forest and non-forestdependent species separately. When analysing graphically the isolated effects of island area and proximity on species richness and abundance of forest and non-forest-dependent species, we improved data fitting by performing simple GLMs, both including and excluding the quadratic term of each explanatory variable. AIC values were compared between the models including and excluding the quadratic term of the explanatory variable (Burnham and Anderson 2002) . We then added the quadratic term of the explanatory variable when examining the relationship between the number of forest-dependent species and island area, and between the number of non-forest-dependent species and island proximity (Table S4 ). All data analyses were performed in R (R Development Core Team 2015).
Results
A total of 884 small mammal individuals was recorded across the 29 sampled sites, amounting to an overall mean capture success of 1.35% per trap-night (excluding recaptures). A total of 22 species was recorded considering all sites, representing 12 rodents and 10 marsupials (see Table S5 ). Excluding the two singleton records of E. chrysurus and M. didelphoides, the number of species recorded per site ranged from 1 to 16 (mean ± SD: 5.76 ± 3.80 species) for all islands, and from 9 to 16 for CF sites (12.5 ± 2.5 species). Nearly all species recorded on islands were also present in at least one CF site, except for the small terrestrial rodent Neacomys paracou, which was recorded at only one island (N = 2 individuals). The most abundant species were the arboreal marsupial Marmosa demerarae (N = 195) and the terrestrial rodent Hylaeamys megacephalus (N = 187); while the arboreal echimyid rodent Isothrix pagurus (N = 6) and sciurid Guerlinguetus aestuans (N = 4) were among the least detected species across all sites (see Table S3 ). On the basis of those species, our index of forest-dependency resulted in 11 species classed as forest-dependent and 9 species as non-forest-dependent (Table S2) . Furthermore, the number of traps deployed at each site was neither correlated with sample coverage estimations (r = -0.012, P = 0.951) nor with the overall number of individuals recorded (r = 0.245, P = 0.200), supporting the notion that the number of traps deployed at any given site did not induce any bias in the number of species recorded therein. Also, small mammal species composition was largely unaffected by the geographic distance between sites (r = 0.037, P = 0.269, N = 406 pairwise comparisons).
Species-area relationships and nestedness
The power, rational function, logistic and cumulative Weibull SAR models performed similarly well in explaining the bootstrapped species richness (S) of small mammals across all 25 sampled islands, explaining 68.7-71.0% of the variation in S (Table S3) . Henceforth, to facilitate comparisons with most other studies, we focused our results on the power model. As such, the observed SAR clearly showed fewer species over a decreasing gradient of island size (z value = 0.289, c value = 2.089, R 2 = 0.687; Table S3 ). Islands smaller than 15 ha retained highly impoverished small mammal assemblages (mean ± SD: 2.6 ± 1.3 species), whereas islands larger than 200 ha on average harboured 10.8 ± 1.3 species, which was comparable to CF sites in the mainland (12.5 ± 2.5; Fig. 2 ).
Across the decreasing gradient of island size, small mammal community disassembly further appears to be mediated primarily by the selective extirpation of forestdependent species, in that small islands mostly retained non-forest-dependent species, as denoted from the high community-averaged FD values. In contrast, communityaveraged FD values remained relatively low across CF sites (range = 0.08-0.11; Fig. 2 ). Moreover, overall small mammal assemblages presented a significantly nested structure (matrix size: 520, fill = 0.313; NODF row = 62.493, Z = 9.731, P < 0.001). Similar nestedness results were obtained when considering only either forest-dependent species (matrix size: 220, fill = 0.341; NODF row = 56.055, Z = 4.086, P < 0.001), or non-forest-dependent (matrix size: 234, fill = 0.376; NODF row = 60.682, Z = 4.645, P < 0.001; Fig. 3 ).
Combined effects of patch, landscape and habitat quality metrics
Multiple-scale landscape, patch and habitat quality variables clearly affected the overall persistence of small mammal species across all 25 islands surveyed, with species composition best predicted by both island area (β Area = 0.229, P = 0.023, RI = 0.84) and tree species richness (β S.trees = 0.148, P = 0.033, RI = 0.67; Fig. 4a , Table S6 ). In fact, the narrow set of non-forest-dependent species persisting at all islands smaller than 2 ha was virtually the same. Yet, most of the other islands, ranging from 2 to 800 ha, retained highly idiosyncratic species compositions, as indicated by the poorly predicted PCoA1 values obtained for those islands (R 2 = 0.417; Fig. S1 ).
The bootstrapped number of species at each island was best predicted by both island area (β Area = 4.227, P = 0.001, RI = 0.75) and proximity (β Prox = 3.312, P = 0.002, RI = 1.00; Fig. 4b , Table S5 ). When species were distinguished based on their degree of forest-dependency, the number of forestdependent species responded similarly, being positively affected by both island area (β Area = 3.107, P = 0.001, RI = 1.00) and proximity (β Prox = 1.289, P = 0.039, RI = 1.00; Fig. 4c ). Richness of non-forest-dependent species, however, was positively affected only by proximity to other land-masses (β Prox = 1.227, P = 0.011, RI = 0.88; Fig. 4d , Table S7 ). Again, the turnover in the number of forest and non-forest-dependent species can be observed across the size gradient from insular and continuous forest sites: forestdependent species were often missing from small islands but were more abundant than non-forest-dependent species at CF sites (Fig. 5a ). The same was not clearly observed across the gradient of proximity to other land-masses (Fig. 5c) .
Although none of the variables considered here performed well in predicting overall species abundance (Fig. 4e, Table S6 ), the abundance of forest-dependent species was positively affected by island area (β Area = 6.597, P = 0.005, RI = 0.84) and negatively affected by the aggregate basal area of trees bearing fleshy fruits (β Fruit = − 2.799, P = 0.027, RI = 0.16; Fig. 4d ). The abundance of non-forestdependent species was negatively affected by both island area (β Area = 6.597, P = 0.005, RI = 0.49) and proximity (β Prox = 6.597, P = 0.005, RI = 0.35; Fig. 4g , Table S7 ). Non-forest-dependent species accounted for a disproportionate fraction of the overall abundance at islands smaller than 15 ha [median (min-max) = 100% (50-100%); Fig. 5b ], while the abundance of the two functional groups in terms of Table S1 , and the full species nomenclature is listed in Table S3   Fig. 4 Estimates of averaged models and their 95% confident intervals for predictors of a species composition (denoted by the PCoA axis 1), b bootstrapped species richness, number of c forest-dependent and d non-forest-dependent species, e overall species abundance, and abundance of f forest-dependent and g non-forest-dependent species. Predictors included: proximity (Prox), distance (Dist) to the mainland, island size (Area), tree species richness (S. trees), tree density (D. trees), proportion of closed-canopy forest (CC), aggregate basal area of fleshy-fruiting trees (Fruit) and density of lianas (Lianas). Statistically significant negative and positive coefficients are shown as red and blue colours, respectively forest habitat-dependency was comparable between weakly isolated large islands and CF sites (Fig. 5b, d) . Indeed, except for the least detected species (N. guianensis, N. paracou and Monodelphis arlindoi), non-forest-dependent species were clearly widespread across all island sizes and CF sites. Forest-dependent species instead are completely absent from very small islands (< 2 ha) and 45.5% only occurred in islands larger than 200 ha (Fig. S2) . Finally, the aggregate biomass of small mammals across all 25 islands could not be predicted by any of the variables considered here (Table S6) .
Discussion
As new capital investment fuels hydropower frontier expansion across wilderness regions in tropical countries (Castello et al. 2013; Zarfl et al. 2015) , decision-makers should carefully weigh the landscape-wide ecological impacts of this infrastructure against their overall socioeconomic benefits (Fearnside and Pueyo 2012; Lees et al. 2016) . In lowland Amazonia, damming creates disproportionately large reservoirs and highly fragmented archipelagos of land-bridge forest islands (Junk and Mello 1990) . Under this landscape context, we document widespread local extinctions of small mammal species across the archipelago, which is comprised of myriad of small islands. Small mammal assemblages further exhibited a nested structure, so that smaller and more isolated Balbina islands exhibited depauperate small mammal assemblages, in which forest-dependent species were typically either missing or persisted at very low abundances.
Island biogeography revisited
Island size and degree of isolation were the strongest predictors of the number of small mammal species at Balbina forest islands. Islands larger than 200 ha and mainland Relationships between island area (top panels; a and b) and island proximity (bottom panels; c and d) and the richness (left panels) and abundance (right panels) of forest-dependent (green circles) and non-forest-dependent species (red circles) at the Balbina reservoir landscape. Species abundances are standardized by sampling effort. Shaded areas represent the 95% confidence regions. Boxplots for CF sites indicate the median, 1st and 3rd quartiles, and minimum and maximum values of species richness and abundance. The number of forest-dependent species increases with island area (P < 0.001) and proximity (P = 0.011), whereas the number of non-forest-dependent species increases only with island area (P = 0.011). The abundance of forest-dependent species increases with island area (P = 0.005), while the abundance of non-forest-dependent species decreases with island area (P = 0.038) and proximity (P = 0.035) 1 3 forest sites contained up to 12 and 15 species, respectively, while those smaller than 15 ha supported a maximum of four species, or fewer than one-third of the number of species expected to persist in large islands and mainland forest sites. Although large islands harboured nearly full complements of species, they account for only 1.8% of the 3546 islands in Balbina reservoir, whereas those smaller than 15 ha correspond to 62.7% of all islands (see histogram in Fig. 1 ). Our findings are consistent with the overall negative response of terrestrial species and communities to isolation in man-made reservoir islands reported worldwide (Jones et al. 2016) . Indeed, medium and large-bodied terrestrial vertebrates were greatly affected by island size within the Balbina reservoir, with 95% of all islands retaining fewer than 60% of all 35 native vertebrate species (Benchimol and Peres 2015a) . In other tropical reservoirs containing forest islands smaller than 350 ha, small mammals experienced local extinctions at similar (Guri Reservoir, Venezuela: Lambert et al. 2003) or higher rates than those observed here, often culminating in the persistence of only a single dominant species (Gatun Lake, Panama: Adler and Seamon 1996; Saint-Eugène reservoir, French Guiana: Granjon et al. 2002; Chiew Larn Reservoir, Thailand: Gibson et al. 2013 ). Yet those studies do not provide a comprehensive scenario, failing to include large islands (but see Wang et al. 2010a for a reservoir in southern China). Given the observed ability of certain terrestrial mammal species to swim between insular forest patches (e.g. Granjon et al. 2002) , large islands play a critical biotic role in the archipelagic landscape, by harbouring resident populations and operating as a source of emigrants for some species, depending on island isolation (Adler and Seamon 1996) .
Second to island area, patterns of small mammal species richness at Balbina were best predicted by isolation. This is in part consistent with seminal ideas from Island Biogeography Theory (IBT), in which islands experiencing higher colonization rates should harbour more species (MacArthur and Wilson 1967) . However, higher colonization rates were primarily a function of the functional connectivity of an island in the landscape (as inferred by the Proximity index) rather than the distance to the mainland, as predicted by IBT. Studies in terrestrial landscapes have found similar patterns of fragmentation effects in terrestrial landscapes for both small mammals (e.g. Goodman and Rakotondravony 2000; Pardini et al. 2005) , and other taxa (see Prevedello and Vieira 2010).
Determinants of community composition
Communities isolated in land-bridge islands may exhibit nested structures over time, as has already been detected for small mammal, birds and lizard assemblages within the ~ 50 years old Thousand Island Lake, China (Wang et al. 2010a ). In Balbina, the nested structure observed in small mammal assemblages are probably related to the differential species susceptibility to extinction (Lynam and Billick 1999) . Indeed, the subset of small mammal species persisting at Balbina islands was closely related to both patch and local habitat characteristics, as suggested by the importance of island area and tree species richness in predicting species composition. Small islands likely retain a very limited spectrum of habitat resources (August 1983) , so they are consistently occupied by the same subset of species, which were mainly non-forest-dependent. As island area increases, more ecological niches become available (Pardini et al. 2005) , which facilitates higher species packing, including forestdependent species. Similarly, habitat structure was one of the main determinants of small mammal assemblages in Brazilian Atlantic Forest fragments (Pardini et al. 2005; Delciellos et al. 2016) . Nevertheless, although forest-dependent species exhibited an expected nested structure, the same was observed for non-forest-dependent species. This might be due to the inclusion of certain species rarely captured throughout the sampling, that were particularly evident at larger islands and continuous forest sites (e.g. Monodelphis arlindoi, N. paracou, and N. guianae) .
Moreover, despite the nested structure of the Balbina small mammal assemblages, larger islands and continuous forest sites still presented an idiosyncratic species composition (Figs. S1, S2 ). This result contrasts with other faunal groups at the Balbina landscape, in which species composition converged along the gradient of island area (Benchimol and Peres 2015b; Aurélio-Silva et al. 2016) . The idiosyncrasy in species composition observed in this study could result from the reduced sample coverage in larger islands and continuous forest sites. Regardless of the overall satisfactory sample coverage of estimators obtained, the difference between observed and bootstrapped species richness was higher in continuous forest sites (Fig. S3 ). Even considering the higher sampling effort at larger forest sites, the density of traps was 21-207 times lower therein (0.20 and 0.02 traps/ha at islands > 200 ha and CF sites, respectively) compared to small islands (4.14 traps/ha). Therefore, the probability of an individual passing near a trap was much higher in small islands due to higher trap saturation, and also due to vertical forest compression, as larger forest areas were both more saturated and multi-layered (AFP, CAP, MB, unpubl. data). In addition, large islands' transects may cover a limited part of the ecological distribution of species, which are often aggregated due to patchy trophic resources (Charles-Dominique et al. 1981) . Our results may, therefore, underestimate the number of species in larger islands and continuous forest sites. This further amplifies the strength of species-area effects, and suggesting that SAR patterns presented here are conservative.
Vulnerability of forest-dependent species
In entirely terrestrial fragmented landscapes, habitat-generalist species responses are most likely due to their smaller spatial requirements, ability to access and take advantage of matrix resources, and trophic plasticity (Pardini et al. 2005; Umetsu and Pardini 2007; Santos-Filho et al. 2012) . Interestingly, those general patterns also hold true in a real island landscape such as Balbina, even though matrix resources are entirely unavailable. Likewise, forest specialist small mammal species greatly declined in forest patches surrounded by small amounts of forest cover in the Brazilian Atlantic Forest, whereas those non-forest-dependent species were unaffected by habitat loss (Estavillo et al. 2013) . Using the same species classification, Santos-Filho et al. (2016) noted the same trend in species richness of small mammals in southern Amazonian forest fragments. Unlike forest-dependent species, habitat generalists were able to persist in tiny islands with highly reduced trophic and structural resource availability. Rodent species persisting in islands within China's Three Gorges Dam also exhibited dietary shifts compared to their baseline diet in the mainland (Wang et al. 2010b) .
In contrast to species richness, the abundance of forestdependent species was not affected by island isolation. The abundance of these species may, therefore, be mainly determined by within-island processes rather than movement between islands. For forest-dependent species, such processes may be idiosyncratic in relation to each island, and unrelated to landscape variables. In contrast, non-forestdependent species were hyper-abundant in small isolated islands, so that overall species abundance was compensated for at those sites. Because only non-forest-dependent species increased in abundance in small islands, higher species abundances there are unlikely a consequence of "fence effects" in which increased island isolation limits dispersal (Adler et al. 1986 ). Previous neotropical small mammal studies also reported relatively higher abundances in small fragments compared to continuous forest (Malcolm 1991; Passamani and Fernandez 2011; but see Santos-Filho et al. 2012) , including both true islands (Glanz 1990; Lambert et al. 2006) , and forest patch isolates embedded within terrestrial matrices (Laurance 1994; Lynam and Billick 1999; Pardini et al. 2005; Vieira et al. 2009 ). Apparently, species that could persist in small isolated islands were additionally well positioned to increase their abundances therein. This over-inflated abundance could be explained by the absence of predators (Glanz 1990; Adler and Seamon 1996; Terborgh et al. 1997; Lambert et al. 2006) or density compensation in the absence of other small mammal species (Fonseca and Robinson 1990) . Benchimol and Peres (2015b) reported the local extinction of most medium and large-bodied vertebrates in small Balbina islands, including mammalian predators of small mammals, and this is also the case of diurnal and nocturnal raptors (A.S. Bueno, unpubl. data). Moreover, despite the low trophic resource availability at small disturbed islands, non-forest-dependent species may increase in abundance by additionally exploring novel resources (Pardini et al. 2005; Wang et al. 2010b) , which may become available once other species have become locally extirpated (Fonseca and Robinson 1990) . The negative relationship between the abundance of forest-dependent species and the aggregate basal area of trees bearing fleshy fruits was unexpected. This could be due to the higher occupancy or abundance of large-bodied terrestrial mammals, such as white-lipped peccary Tayassu pecari (Benchimol and Peres 2015b) , which could negatively affect the abundance of forest-dependent species. Further studies should investigate interspecific interactions between large and small mammals.
Conservation implications
In line with previous findings in non-insular forest fragments (Watling and Donnelly 2006; Vieira et al. 2009 ), habitat loss and fragmentation effects on small mammal assemblages across a true archipelagic landscape were best predicted by island area and isolation. As explained above, however, this illustrates a slight departure from the central tenets of Island Biogeography Theory, and highlights the importance of taking into account the spatial configuration of habitat remnants in landscape-scale conservation plans. This should be extended to environmental impact assessments (EIAs) prior to licensing of hydropower development, or other infrastructure projects resulting in fragmented forest landscapes (Fahrig 2003) . In addition, species classification according to degree of forest-dependency could efficiently distinguish species exhibiting different patterns of persistence across the archipelagic landscape. Species ability to traverse the matrix should, therefore, also be considered, as previously noted (Pardini et al. 2010; Santos-Filho et al. 2016) . Moreover, as the aquatic matrix acts as a strong environmental filter, ecosystem functioning could undergo severe changes at small, isolated islands occupied by the same set of hyperabundant species, including the loss of ecosystem processes such as forest regeneration and arthropod control (Terborgh et al. 1997 (Terborgh et al. , 2001 . As the vast majority of Balbina islands are small, their biodiversity and ecosystem functioning trajectories can already be seriously compromised. In this way, creation of myriad small islands within vast hydroelectric archipelagos is not conducive to maintaining high levels of biodiversity and forest functionality in the long term (Jones et al. 2016) , which should be considered prior to licensing future hydropower projects. If any given mega-dam becomes completely unavoidable, hydraulic engineers should prioritize the creation of large islands by reassessing the relationship between maximum operational water level of a reservoir and the spatial configuration of its archipelago.
We finally emphasize that our study illustrates a 'bestcase' scenario in terms of ecological impacts caused by habitat insularization, given that the Balbina flooded area and its surroundings have been strictly protected by the Uatumã Biological Reserve since 1990. Other hydroelectric reservoirs in the Brazilian Amazon lacking protection were rapidly occupied and deforested by smallholders (e.g. Tucuruí Hydroelectric Reservoir; Fearnside 2001 ). As such, we highlight the importance of implementing protected areas as a mitigation measure, preventing subsequent hunting, fire disturbance and unplanned settlements therein. To make matters worse, insular ecosystems are likely to pay an extinction debt by gradually losing species even many years in the aftermath of island creation (Jones et al. 2016) . Careful planning of hydropower development is, therefore, critical to avoid mass species extinctions and losses in ecosystem services in the world's mega-diverse tropical forests.
